In order to identify the practical implications for both health care practitioners and patients in understanding differences between the results of trials assessing therapies for ulcerative colitis [UC], we reviewed clinical trials of therapies for moderate to severe UC, with a focus on trial design. Over time, patient populations in UC trials have become more refractory, reflecting that patients are failing treatment with additional and different classes of drug, including conventional therapies, immunosuppressant drugs, and anti-tumour necrosis factor therapies. Outcomes used to measure efficacy have become increasingly stringent in order to meet the expectations of patients and physicians, and the requirements of regulatory bodies. Trial design has also evolved to integrate induction and maintenance therapy phases, so as to facilitate patient recruitment and to answer clinically important questions such as how efficacious therapies are in specific subpopulations of patients and during long-term use. As UC clinical trial design continues to evolve, and with limited head-to-head trials and real-world comparative effectiveness studies evaluating UC therapies, careful judgment is required to appreciate the differences and similarities in trial designs, and to understand how these variances may affect the observed efficacy and safety outcomes.
Introduction
Ulcerative colitis [UC] is a chronic condition characterised by mucosal inflammation of the colon. 1 Appropriate therapy depends on the activity, severity, and extent of disease. 2, 3 For patients with moderate to severe UC, treatment options include traditional immunosuppressant therapies [e.g., thiopurines], biologic therapies, 3, 4 and a Janus kinase [JAK] inhibitor. Biologic drugs approved for use in patients with moderate to severe disease include tumour necrosis factor [TNF]alpha antagonists [infliximab, adalimumab, and golimumab] [5] [6] [7] [8] [9] and anti-integrin therapy [vedolizumab] . 10, 11 Tofacitinib is an oral, smallmolecule JAK inhibitor approved for the treatment of UC.
As new therapies have become available, the design of clinical trials assessing their use for UC has evolved, reflecting changes in patient populations, patients' and physicians' treatment expectations, and regulatory body requirements. 12, 13 Critically, there remains confusion surrounding these evolving aspects of UC trial design. Clinicians and patients may not take into account important differences between trials, which may lead to inappropriate comparisons across trials of disparate design, and inappropriate conclusions being drawn. With limited head-to-head trials, comparing results among trials of differing design is challenging. Network meta-analyses comparing efficacy and safety of therapies for moderate to severe UC have been performed, 14, 15 but such comparisons should also be interpreted cautiously due to acknowledged limitations of comparing trials conducted in different patient populations and with different designs, including the influence of assumptions made when adjusting data from different trials. 16 Furthermore, UC clinical trials enroll patients who may not accurately reflect the disease burden in the overall patient population, making it challenging for physicians to generalise results from clinical trials to the patients they see in clinical practice. 17 We reviewed clinical trials of advanced therapies for the treatment of moderate to severe UC, including anti-TNF agents, antiintegrin therapies, and small-molecule therapies, focusing on trial design. We aimed to identify practical implications for health care practitioners and patients in understanding differences between trial results, and to identify goals for future trial design that would better inform clinicians and patients regarding appropriate UC therapy choice.
In the following sections of the manuscript, we review the characteristics of the patient populations in UC trials [including previous and concomitant medications], approaches taken to the overall design of UC trials, and efficacy endpoints used in UC trials [including the use of central and site-read endoscopy].
Design of Clinical Trials of Advanced UC Therapies
We reviewed clinical trials of therapies targeting patients with moderate to severe UC, to highlight aspects of modern UC trial design relevant to clinicians treating this patient population. Clinical trial programmes included in this review [ 
Patient populations in UC trials
Patient populations in UC trials have become increasingly refractory, as selection criteria have evolved to include previous exposure to and/or failure with biologic therapies including anti-TNF agents. The trials included in this review differed in their inclusion of patients with previous exposure to anti-TNF therapies and had different requirements for previous failed therapies [ Tables 2 and 3 ].
Whereas ULTRA 2 included patients who had secondary loss of response with anti-TNF [specifically infliximab, the only anti-TNF approved for UC at that time], it excluded patients with primary non-response; 40% of patients in ULTRA 2 had secondary loss of response. Approximately 39% of patients in GEMINI and 51-54% in OCTAVE had previous anti-TNF failure [primary or secondary loss of response].
Concomitant therapy with 5-aminosalicylates and corticosteroids was permitted in all completed trials. Across all trials, 31-55% of patients received concomitant thiopurines, except for OCTAVE and TOUCHSTONE where thiopurines were prohibited.
Among trials that included a maintenance phase, corticosteroid tapering at the beginning of the maintenance phase was mandatory in ACT, PURSUIT, OCTAVE Sustain, and GEMINI, and at the discretion of the investigator in ULTRA 2 and TOUCHSTONE. In GEMINI, patients who could not tolerate tapering were permitted to resume their steroid dose from the start of the induction phase, with tapering to resume thereafter-this was not considered rescue therapy and did not require patients to discontinue the study. In OCTAVE Sustain, patients who could not tolerate tapering were permitted to step back up to the earlier steroid dose, with tapering to resume thereafter. Unsuccessful steroid taper counted as treatment failure.
Average disease duration at baseline of the induction phase ranged from 5.4-8.4 years across trials. The proportion of patients with extensive colitis or pancolitis, vs left-sided colitis or other distributions, also varied between studies. A minimum disease duration was mandated for eligibility in ULTRA 2 [3 months] and OCTAVE [4 months] . No minimum disease duration was pre-specified in PURSUIT-SC. Most trials had selection criteria that excluded patients with isolated proctitis. Mean Mayo scores at induction baseline were similar across the trials, ranging from 8.3 to 9.1. Where reported, median C-reactive protein levels at induction baseline ranged from 3.2 to 10.0 mg/l across trials. GEMINI reported faecal calprotectin but not C-reactive protein.
In general, when interpreting efficacy results in clinical trials of patients with moderate to severe UC, the greater the number of therapy classes a patient population has been exposed to and/or failed treatment with, the more refractory that patient population. Accordingly, demonstration of efficacy in the most refractory patient populations may represent a higher bar. The level of inflammatory burden in a patient population-whether measured by endoscopic assessment, or by faecal calprotectin and/or C-reactive protein levels to the extent with which they correlate with inflammation-is also an important consideration. A patient population with low inflammatory burden may be unlikely to demonstrate a significant reduction in inflammatory burden, potentially complicated by a high placebo response. Very high levels of inflammation may indicate a refractory patient population or a population in which response is likely to occur more slowly. The implications of mandatory vs discretionary and/or variable tapering of corticosteroids is also of importance when comparing active treatment vs placebo. Where discretionary corticosteroid tapering is used, efficacy in patients on active treatment who are able to tolerate the corticosteroid taper may be masked by the propensity of non-responsive patients on placebo to remain on corticosteroids. Mandatory tapering of corticosteroids may allow for a more robust comparison of active therapy vs placebo, and greater weight may be assigned to efficacy achieved without corticosteroids. However, other relevant factors of trial design also need to be accounted for.
Integration of induction and maintenance phases in UC clinical trial programmes
The trials included in this review took varying approaches to the progression of patients from induction to maintenance phases. In the treat-through approach [ Figure 1A ], patients are randomised to active treatment or placebo for the duration of the study from induction through maintenance. In an integrated approach, patients are randomised into an induction randomised controlled trial [RCT], with eligible patients [typically those who are responders at the time of induction efficacy assessment] then re-randomised into a maintenance RCT [ Figure 1B ]. In the approach depicted in Figure 1C , an additional open-label active treatment arm is included in the induction phase to provide sufficient eligible patients for re-randomisation into the maintenance phase RCT. ACT 1 and ACT 2 used a treat-through approach and assessed infliximab induction and maintenance efficacy, with patients being followed from randomisation through to Week 54 [ACT 1] and Week 30 [ACT 2]. ULTRA 1 was a stand-alone trial assessing adalimumab induction efficacy over 8 weeks. ULTRA 2 assessed adalimumab induction and maintenance efficacy with patients being followed from randomisation through to Week 52. TOUCHSTONE also had a treat-through design with patients followed for up to 32 weeks.
PURSUIT, OCTAVE, and GEMINI used integrated induction and maintenance RCTs, with eligible patients from the induction RCTs re-randomised into the maintenance RCT. The randomised portion of PURSUIT-M enrolled patients who had responded to golimumab induction therapy; whereas OCTAVE Sustain enrolled patients who responded to induction therapy with either tofacitinib or placebo. In GEMINI, to fulfil sample-size requirements for the mainte- The 66-week HICKORY trial also features integrated induction and maintenance phases, and open-label and blinded cohorts; however, full details of the study design have not yet been published.
The two fundamental approaches to UC trial design described above [i.e., the treat-through approach and the integration of induction and maintenance RCTs with separate randomisation for each phase] each have their own merits.
One benefit of the treat-through approach is in the ease of interpretation, given that the patient populations randomised to each treatment arm remain relatively constant throughout the duration of the study [with minor fluctuations due to discontinuations]. Conversely, interpretation of results from integrated induction and maintenance studies is slightly complicated by the need to account for the re-randomisation criteria applied at entry to the maintenance phase. Another situation in which the treat-through approach may be beneficial is when a delayed response to therapy might be expected. The continued assessment of patients beyond the induction phase-and while still under randomised controlled conditions-may allow the identification of specific subgroups of patients in whom delayed response to treatment occurs. This may also more accurately represent clinical practice where clinicians and patients may persist with a therapy if sufficient initial benefit is observed to justify extended induction treatment. Given that in the integrated approach it is usually only induction responders who are re-randomised into the maintenance phase, delayed response can typically only be assessed under open-label [i.e., nonrandomised] conditions.
A benefit of the integrated approach is that it allows a separate assessment of induction efficacy and maintenance efficacy. This may be of relevance where regulatory bodies require discrete evidence of an agent's efficacy as induction and maintenance therapy. 21 A further benefit of integrated induction and maintenance RCTs is the potential to assess a number of clinical scenarios while under randomised controlled conditions. Patients who complete the induction phase as responders to active treatment may be re-randomised to a higher or lower dose of active treatment in the maintenance phase, which can be used as a surrogate to evaluate dose intensification and dose de-escalation, respectively. Patients may also be re-randomised to placebo maintenance therapy, which can be used as a surrogate to evaluate treatment interruption [a consideration for patients who wish to become pregnant or those undergoing transition of care].
Taking into consideration the above, it is important when comparing efficacy among UC maintenance trials to understand the randomisation criteria applied to patients' progression between the induction and maintenance phases of each trial, and the use of openlabel arms to supply patients to the maintenance trials.
Efficacy endpoints
Several primary efficacy outcomes were used across the trials, all based on the Mayo score [ Tables 4 and 5 ]. 22 Clinical response was the primary efficacy endpoint in ACT 1 and ACT 2, in the PURSUIT trials, and for the induction phase of GEMINI:
• Clinical response: ≥3 points and ≥30% reduction from baseline total Mayo score plus decrease of ≥1 in rectal bleeding subscore or absolute rectal bleeding subscore ≤1.
Clinical remission was the primary efficacy endpoint in the ULTRA trials, for the maintenance phase of GEMINI, and in TOUCHSTONE:
• Clinical remission: total Mayo score ≤2, no subscore >1.
The OCTAVE and HICKORY trials used a more stringent definition of remission as the primary endpoint-equivalent to the definition of clinical remission used in the other trials, with the additional requirement of a rectal bleeding subscore of zero:
• Remission: total Mayo score ≤2, no subscore >1, rectal bleeding subscore = 0.
In addition to variation in the specific endpoint used for the primary evaluation of efficacy, the timing of its assessment also varied. For induction trials, primary efficacy assessment was at Week 6 for PURSUIT-SC and GEMINI; Week 8 for ACT, ULTRA, OCTAVE, and TOUCHSTONE; and Week 14 for HICKORY. For trials that assessed maintenance efficacy as a primary or a co-primary endpoint alongside an induction co-primary endpoint, assessments were made after at least 52 weeks of therapy. Not all trials included maintenance efficacy as a pre-specified primary endpoint [i.e., ACT and TOUCHSTONE]. Except for TOUCHSTONE, based on available publications/ protocols, each of the trials that assessed maintenance efficacy included a measure of corticosteroid-free remission. ACT 1 and ACT 2 reported clinical remission and discontinued use of corticosteroids at Week 30 [ACT 1 and ACT 2] and Week 52 [ACT 2 only]; ULTRA 2 reported remission at Week 52 with discontinuation of corticosteroids for at least 90 days before Week 52; PURSUIT-M reported corticosteroid-free clinical remission at Week 52 among patients receiving corticosteroids at baseline. Due to the mandatory steroid tapering requirement, it is important to note that the Week 52 remission endpoint in OCTAVE Sustain in essence represents steroid-free remission, with the exception of one protocol deviation in each of the active treatment arms (one patient taking prednisone 2.5 mg/day and another taking prednisone 7.5 mg/day, in the tofacitinib 5 mg and 10 mg twice daily [BID] treatment arms, respectively). Additionally, OCTAVE Sustain reported sustained corticosteroid-free remission among patients in remission at baseline, specifying that the patient had to be in remission at both Week 24 and Week 52, and that corticosteroids must have been discontinued ≥4 weeks before those time points. GEMINI reported corticosteroidfree remission at Week 52.
Recently, mucosal healing has been identified as an important measure of disease activity in inflammatory bowel diseases. 23, 24 Although there is discussion about what constitutes mucosal healing and how it should be measured, 25 it is most commonly assessed in UC clinical trials using the Mayo endoscopic subscore. 26 Each of the completed trials reviewed here included the same definition of mucosal healing: Mayo endoscopic subscore of 0 or 1, corresponding to normal or inactive disease [subscore = 0] or mild disease with evidence of erythema, decreased vascular pattern [subscore = 1], or mild friability [subscore = 1]; OCTAVE required any observed friability to be scored as subscore 2 or more; among the other published trials, assessment criteria permitted mild friability to be scored within the mild disease category [i.e., subscore = 1]. Whereas the latest modification to the Mayo endoscopic subscore in the OCTAVE trial makes the endpoint more stringent, such evolutions further complicate contextualisation of trial results, as even if the overall definitions of Mayo score-based endpoints appear identical between trials, differences in the assessment criteria of the endoscopic subscore may further hamper comparisons between trials.
A further consideration in interpreting the Mayo score is the approach taken to calculation of the stool frequency and rectal bleeding subscores. Typically these are calculated based on data from the most recent 3 consecutive days, with either the average result or the worst result used to generate the subscore. 25 For the trials that have reported the approach taken [PURSUIT, GEMINI, OCTAVE, and TOUCHSTONE], all reported the average result. In cases where the worst score is used to calculate stool frequency and rectal bleeding subscores, there may be a bias toward an overall lower estimate of absolute efficacy, but conversely, treatment effect size may be exaggerated since it is possible that placebo response rates may be lower. However, in the absence of studies comparing the two approaches, it is not possible to determine what the predominant effect would be.
Central vs local reading of endoscopy
The importance of central endoscopy readers has recently been noted as a means of reducing subjectivity and potential bias associated with local or site-read endoscopy. 27, 28 Local reading of endoscopies may introduce differential bias, with a tendency to record higher scores during the screening period to qualify the patient for enrolment, and a tendency to record lower scores at subsequent assessment of outcomes to permit continued qualification for study treatment. Furthermore, site or local reading of endoscopy may contribute to variation in placebo responses observed in UC clinical trials. 28, 29 Previous studies have demonstrated the benefit of performing centralised reading of endoscopy, which reduced variability in the assessment of placebo efficacy. 28 Additionally, draft guidance from the U.S. Food and Drug Administration [FDA] on the use of imaging endpoints in clinical trials suggests that centralised reading may decrease variability in image interpretation. 30 Whereas additional training and/or further validation of local vs central reading of endoscopy may allow for trials to be performed using local reading of endoscopy, 27 it is also conceivable that differences between central and local reading observed in controlled conditions would be larger if local readers were not aware that they were being observed [i.e., the Hawthorne effect].
Among the completed trials reviewed here, only more recently conducted studies [OCTAVE and TOUCHSTONE] used central reading of endoscopy, both to determine patients' eligibility to participate in the trials and to evaluate efficacy outcomes; earlier trials used local reading of endoscopy for eligibility and efficacy assessments.
Impact of Patient Population and Central vs Local Reading of Endoscopy on Efficacy Outcomes
To illustrate the possible effects of changes in patient population and disparity in the assessment of efficacy endpoints, we explored data from the OCTAVE Sustain trial [for which efficacy data based on both central and local reading of endoscopy have been published]. 18, 31 We contrasted efficacy measured using central-read endoscopy in the overall population of the trial [of whom approximately 50% had previous exposure to anti-TNF] against efficacy measured using local-read endoscopy in the anti-TNF-naïve subgroup [ Table 6 ]. For remission at Week 52, there was a 10.8 percentage point difference in treatment effect size for the 5 mg BID dose of tofacitinib when comparing the rate of remission in the overall population based on central reading vs the response rate in anti-TNF-naïve patients using local reading of endoscopy [i.e., a relative increase of 47%]. For the 10 mg BID dose, the difference was 7.3 percentage points [25% relative increase]. A similar pattern was observed for mucosal healing, a The OCTAVE and HICKORY trials used a more stringent definition of remission as the primary endpoint-equivalent to the definition of clinical remission used in the other trials with the additional requirement of a rectal bleeding subscore = 0. N/A, not available. 
Practical implications for clinicians and patients, and goals for future trials of UC therapies
In this review of clinical trials assessing advanced therapies for the treatment of moderate to severe UC, we noted several important aspects of trial design that should be accounted for when evaluating trials, including: differences in disease characteristics of the trial populations; exposure to previous UC therapies and permitted concomitant therapies; progression of patients between induction and maintenance phases of therapy; and the endpoints used to determine efficacy. Although patients and clinicians often focus on absolute rates of response, our overview suggests that failing to account for these differences may be misleading. Accordingly when evaluating efficacy outcomes across trials, placebo-adjusted response rates, numbers needed to treat, and/or risk ratios may allow for more meaningful efficacy comparisons than comparing absolute efficacy responses. Though network meta-analyses comparing therapies for moderate to severe UC have been conducted, limitations of such comparisons have highlighted the need for randomised comparative efficacy trials. [14] [15] [16] 32 The ultimate goal for trials assessing novel therapies should be the design of efficient trials that generate scientifically rigorous data and answer clinically important questions. Comparative effectiveness and head-to-head trials of advanced therapies for the treatment of moderately to severely active UC would be welcomed, but require lengthy recruitment periods to enrol sufficient sample sizes to be adequately powered. Trial designs that facilitate and encourage recruitment of patients would be beneficial in ensuring that sample-size requirements are easily and quickly met, enabling safe and efficacious treatments to reach clinical practice more quickly, and investigation into ineffective therapies to be more rapidly concluded. Several trials reviewed here contained design elements that achieve this, including: preferential randomisation to active treatment over placebo [OCTAVE] ; allocation to open-label active treatment [GEMINI and HICKORY]; and allowance for patients receiving placebo to transfer to open-label active therapy early in the case of loss of response or relapse [TOUCHSTONE].
Real-world data studies of therapies for UC are also needed to supplement data from clinical trials. This may allow evaluation of therapies in larger patient populations that may more accurately represent the UC patient population, given that many patients with moderate to severe inflammatory bowel disease would not qualify for participation in the RCTs reviewed here. 17 In the absence of head-to-head RCTs, real-world data may also assist with comparing advanced therapies for the treatment of UC.
Regulatory body recommendations for UC clinical trial endpoints
An additional consideration in the design of clinical trials and choice of endpoints is the requirements of regulatory bodies. Draft Table 6 . Impact of patient population and use of central-read vs local-read endoscopy on efficacy outcomes in OCTAVE Sustain.
OCTAVE Sustain
Central-read endoscopy, anti-TNF-naïve and anti-TNFexperienced patients 21 acknowledges that the total Mayo score has been a commonly used tool for registration trials, but cites the Physician's Global Assessment subscore as a limitation of the tool. Accordingly, the FDA's draft recommendation for the primary efficacy outcome of UC clinical trials is a definition of clinical remission based on the Mayo stool frequency, rectal bleeding, and endoscopic subscores only: stool frequency subscore = 0, rectal bleeding subscore = 0, and endoscopic subscore ≤1. An ongoing trial of the JAK inhibitor ABT-494 [upadacitinib] in patients with moderate to severe UC 33 has a primary outcome measure based on the adapted Mayo score [i.e., Mayo score excluding the Physician's Global Assessment subscore], with clinical remission defined as stool frequency subscore ≤1, rectal bleeding subscore = 0, and endoscopic subscore ≤1. The FDA's draft guidance does not support a definition of mucosal healing based on endoscopic findings without a validated histological assessment, and the EMA guidelines define mucosal inflammation assessed by endoscopy as 'endoscopic healing' rather than 'mucosal healing'. 21 Indeed, histological remission may be a goal for future trial designs, given that patients who demonstrate histological healing have better outcomes than those with ongoing histological activity. 34 However, there is a need for standardised assessments of histological disease activity as well as endpoint definitions. The draft FDA and EMA guidance recommends that disease signs and symptoms would be best measured by a patient-reported outcome rather than a clinicianreported outcome, and also advises standardisation of such measures across patients. 21, 25 Finally, the FDA guidance recommends that the definition of corticosteroid-free remission used in UC trials should define a minimum period of time over which the patient is both steroid-free and in remission. For future trials that may incorporate this or further iterations of these guidelines, it will be important to acknowledge the potential impact on efficacy outcomes. In addition, trials should be able to report data based on previous definitions for context, e.g., as secondary or additional endpoints. As UC trials have evolved, patient populations have become more refractory, and the expectations of treatment and stringency of efficacy measures have increased. Despite the well-acknowledged difficulty in comparing agents across trials for the same indication, it is inevitable that clinicians will need to make their best judgments of the data across studies. In the absence of head-to-head RCTs of multiple agents, it is critical that clinicians understand the ways in which studies are comparable or disparate in design and population, and how any differences may affect interpretation of the results.
Funding
Medical writing support was funded by Pfizer Inc, New York, NY, USA.
Conflict of Interest
BES has received grant support, personal fees, and non-financial support from Pfizer Inc during the conduct of this research; consulting fees and research grants from AbbVie, Amgen, Bristol-Myers Squibb, Celgene, Janssen, and Takeda; and consulting fees from Akros Pharma, Allergan, Arena Pharmaceuticals, Boehringer Ingelheim, EnGene, Forward Pharma, Gilead, Immune Pharmaceuticals, Lilly, Lycer, Lyndra, MedImmune, Oppilan Pharma, Receptos, Synergy Pharmaceuticals, Target PharmaSolutions, Theravance, TiGenix, TopiVert Pharma, UCB Pharma, Vedanta Biosciences, and Vivelix Pharmaceuticals outside the submitted work. ASC has been on consulting/advisory boards for AbbVie, AMAG, Ferring, Janssen, Pfizer Inc, and Takeda; and has received consulting fees and research support from Miraca Laboratories. CIN, DQ, WW, EM, GSF, and CS are employees and stockholders of Pfizer Inc. PDRH has received consulting fees from AbbVie, Amgen, Genentech, JBR Pharma, and Lycera.
